Major research efforts are directed towards the development of a better antimycobacterial vaccine. But progress in the field of tuberculosis vaccine development has been hampered by the lack of human in vitro models to assess vaccine immunogenicity and efficacy. New candidate vaccines will have to be evaluated against the existing Mycobacterium bovis BCG "gold standard." It is therefore important to understand the type of immune responses elicited by BCG vaccination to enable comparisons with potential new candidates. We used a novel human in vitro whole-blood model, which measures immune responses to mycobacteria by use of reporter gene-tagged BCG (BCG lux), to study immune responses to BCG vaccination in 50 neonates in a setting in Cape Town, Republic of South Africa, where tuberculosis is endemic. BCG vaccination significantly reduced growth of BCG lux in whole blood (prevaccination median growth ratio [GR], 9.6; range, 1.3 to 24; postvaccination median GR, 3.9; range, 0.6 to 12.2 [P < 0.0001]). Growth of BCG lux was better restricted in vaccinated infants than in unvaccinated age-matched controls (n ‫؍‬ 4). BCG vaccination induced significantly higher gamma interferon production in response to BCG lux (P < 0.0001) and to purified protein derivative (P ‫؍‬ 0.0001). No significant changes in either growth of BCG lux or cytokine production occurred in an adult control group (n ‫؍‬ 6) over the study period. The whole-blood luminescence model detects changes in cellular immune responses to mycobacteria induced by BCG vaccination. It is therefore a useful new tool in studying the immunogenicity of newly developed vaccine candidates prior to large field trials assessing efficacy.
A major research program conducted over the last 10 years has focused on the construction of new tuberculosis vaccine candidates and their evaluation in experimental model systems (36) . The most promising candidates are now being tested in phase I clinical trials to determine their safety in humans. A major roadblock to the development of new tuberculosis vaccines is the design of phase II immunogenicity trials to identify those candidates that are suitable for evaluation in costly efficacy trials (23) . The complexity of efficacy trials is illustrated by the history of the current tuberculosis vaccine, Mycobacterium bovis bacillus Calmette-Guérin (BCG), an attenuated variant of M. bovis (34) . Since the vaccine's introduction in 1921, a series of BCG efficacy trials have recorded a wide variation in protective efficacy (9) . Although BCG vaccination confers little or no protection against the common adult forms of pulmonary tuberculosis in countries where the disease is endemic, its ability to reduce severe childhood forms of the disease has resulted in BCG becoming a major component of childhood vaccination programs (7) . New tuberculosis vaccines will be tested against a background of prior BCG vaccination.
The immune response to BCG vaccination has traditionally been monitored by the tuberculin skin test, measuring delayedtype hypersensitivity (DTH) to intradermal inoculation of purified protein derivative (PPD), a crude mixture of antigenic proteins from Mycobacterium tuberculosis (2) . Tuberculin sensitivity is also induced by exposure to M. tuberculosis itself, and previously sensitized individuals are generally excluded from BCG vaccination programs. The tuberculin reaction is mediated by recruitment of antigen-specific T lymphocytes (3, 35) . Although T cells are clearly important mediators of the immune response to tuberculosis, conversion to PPD positivity does not correlate with induction of protective immunity (10) . In well-characterized trials of the BCG vaccine in the United Kingdom, for example, the incidence of disease was similar for groups showing a positive or a negative PPD response after BCG vaccination (12) . More recently, production of gamma interferon (IFN-␥) by peripheral blood T cells stimulated by mycobacterial antigens in vitro has been used as a measure of exposure to M. tuberculosis infection or BCG vaccination (4, 20, 29) . With the selection of strain-specific antigens, this approach provides an important increase in specificity in comparison to that of the tuberculin test (8) , but while there is extensive evidence that IFN-␥-secreting T cells are an essential component of immunity, it remains to be determined whether the ability of a vaccine to prime such cells is correlated with its protective efficacy. It is therefore important to include additional measures of immunogenicity in clinical trials of new tuberculosis vaccines.
Mycobacteria reside and multiply within macrophages. The ability of macrophages to upregulate mycobactericidal mechanisms appears to be fundamental to the successful containment of these organisms, since individuals with genetically determined defects in macrophage function are highly suscep-tible to overwhelming mycobacterial infections (5, 17, 26) . We reasoned that the ability to limit the growth of mycobacteria represents a key functional component of a successful immune response.
We have developed a simple whole-blood model that measures the response to in vitro challenge with a reporter strain of BCG (18) . The main output of this assay is the luminescence signal provided by a recombinant luciferase enzyme which is directly related to the numbers and viability of the bacteria. Luminescence is proportional to the number of CFU in exponentially growing cultures, and it declines when metabolic activity is reduced in response to signals induced by environmental stress or antibiotic treatment. In the whole-blood assay, changes in luminescence over 4 days of incubation vary between individuals; reduced luminescence is observed in samples from individuals who have previously been exposed to mycobacteria (as judged by a positive PPD or IFN-␥ response). T-cell-depletion experiments and assays in human immunodeficiency virus (HIV)-positive cohorts demonstrate that IFN-␥-secreting CD4
ϩ T cells are a major determinant of the fate of the reporter bacteria in the whole-blood assay (33) . In earlier works by Cheon et al. and Hoft et al., it has previously been shown, using peripheral blood mononuclear cell-based assays, whole blood, and BACTEC cultures (6, 15) , that vaccination with BCG leads to reduction of in vitro growth of mycobacteria in adults. So far, no studies have been published assessing the use of these assays in the context of BCG vaccination in children, who are the primary recipients of BCG vaccinations worldwide.
The aim of the present study was to assess the feasibility of utilizing the whole-blood luminescence assay in future phase II trials of the new generation of tuberculosis vaccines. We describe the use of the assay to monitor the effect of BCG vaccination in a cohort of 50 infants in a setting where tuberculosis is endemic, and we compare the results with those of tuberculin testing and measurements of IFN-␥ responses.
MATERIALS AND METHODS
Human subjects. (i) Healthy newborns. Fifty full-term, healthy infants (29 males and 21 females) of HIV-negative mothers were recruited within 12 h of birth at the Vanguard Maternity Obstetric Unit in Cape Town, Republic of South Africa. All mothers had undergone antenatal HIV testing during pregnancy as part of the local policy, and only HIV-negative mothers were enrolled in the study. Other exclusion criteria were an infant birth weight below 2.5 kg, a recent history of tuberculosis in the mother, occurrence of fever during delivery, and chronic underlying illness of the mother, such as diabetes.
Venous blood (4 ml) from enrolled healthy babies was collected in sterile, heparinized tubes prior to BCG vaccination. The clinic staff administered 0.05 ml of the BCG vaccine SSI (Danish strain 1331, 0.75 mg/ml; Staten Serum Institute, Copenhagen, Denmark) via intradermal injection to each baby on the first day of life, prior to discharge from the Maternity Obstetric Unit.
At 3 to 6 months of age, a follow-up blood sample was taken, and tuberculin skin testing was carried out in the homes of the enrolled infants by intradermally injecting 5 U of PPD (RTI; Staten Serum Institute) into the volar aspect of the left lower forearm of each infant. Induration was assessed 48 to 72 h later by the research nurse (S.M.) Scar formation in response to BCG vaccination, as well as any recent exposure to tuberculosis, was recorded.
(ii) Control groups. (a) Infant control group. South Africa, the Western Cape in particular, is an area with an extremely high incidence of tuberculosis (630 of 100,000 population [6a]). We deemed it unethical to deliberately withhold BCG vaccination from the infants from this area in order to obtain a sizeable control group, as these infants would be at increased risk of contracting tuberculosis at a very early age. However, within the study group, two infants missed their BCG vaccination for logistical reasons. We recruited two more age-matched infants from the same community who had also missed their BCG vaccination. This group is referred to as the unvaccinated control group (n ϭ 4). As this control group is significantly smaller than the vaccinated study group, we have not conducted a statistical analysis of differences in growth of luciferase-tagged BCG (BCG lux) in whole blood and production of IFN-␥ in response to BCG and PPD but have simply displayed the data in the relevant graphs.
(b) Adult control group. Whole blood from a healthy adult volunteer was used with each assay conducted in the laboratory to monitor potential changes in the assays over time. The individuals involved are collectively referred to as the adult control group. All had received BCG vaccination during infancy, two were PPD negative (induration less than 5 mm in diameter), and four were PPD positive (induration greater than 10 mm) but without any signs of active tuberculosis (n ϭ 6; ages, 23 to 40; female-to-male ratio, 4:2).
Whole-blood assays. For whole-blood assays, all blood samples were processed in the laboratory within 4 h.
(i) Whole-blood luminescence assay. The whole-blood assay utilizing BCG lux, along with the construction and properties of the reporter strain, has previously been described (18) . Briefly, BCG (Montreal strain) was transformed with the shuttle plasmid pSMT1 carrying the luxA and luxB genes from Vibrio harveyi under control of the mycobacterial hsp60 promoter (13) . Luminescence was measured in serial 10-fold dilutions over a 20-s period, and results are expressed as relative light units (RLU). A reading of 10 RLU was found to correspond to 1 CFU, as previously shown (18, 32) . This reporter strain was used for infection of whole-blood cultures as described below.
Triplicate samples of heparinized venous blood (0.5 ml), diluted with an equal volume of RPMI medium, were infected with 10 7 RLU/ml (equal to 10 6 CFU/ ml) of BCG lux and incubated for 96 h, with continuous mixing of the samples. Following lysis of red blood cells, luminescence was measured at the time of inoculation (T 0 ) and at 96 h (T 96 ) with a luminometer (Berthold), as previously described, and a growth ratio (GR) was calculated as follows: GR ϭ RLU of BCG lux at T 96 /RLU of BCG lux at T 0 .
All whole-blood luminescence assays were conducted immediately before BCG vaccination and again 3 to 6 months following vaccination. Blood samples from healthy adult volunteers were set up for testing at the same time as the infant samples in order to assess variability in all assays over the period of the study.
Supernatants for cytokine assays were harvested from whole-blood cultures inoculated with BCG lux at 24 and 96 h prior to lysis of red blood cells and stored at Ϫ70°C.
The 24-h supernatants were used for measurements of tumor necrosis factor alpha (TNF-␣), and the 96-h supernatants were used for measurements of IFN-␥ produced during incubation of BCG lux in whole blood.
(ii) Whole-blood assay to measure production of IFN-␥ in response to PHA and PPD. Venous blood samples (0.25 ml) were diluted 1:10 with RPMI medium (Life Technologies, Ltd., Paisley, United Kingdom) and stimulated with phytohemagglutinin (PHA) (5 g/ml; Sigma, Poole, United Kingdom) or PPD (10 g/ml; Evans Medical Limited, Leatherhead, United Kingdom) in 96-well tissue culture plates in a CO 2 incubator set at 37°C. Supernatants were harvested at 3 and 6 days, immediately frozen at Ϫ70°C, and subsequently used for measurements of cytokine production as described below.
Cytokine measurement. Aliquots of supernatants for cytokine assays were thawed in batches, and serial dilutions were prepared in phosphate-buffered saline-10% fetal calf serum (Life Technologies). IFN-␥ and TNF-␣ were measured by enzyme-linked immunosorbent assay (ELISA) with antibody pairs purchased from Pharmingen (Becton Dickinson, Oxford, United Kingdom). Measurements were performed according to the manufacturer's recommended protocols. Standard curves were generated with reference cytokines provided by Pharmingen. For each of the cytokines, the detection limit was 50 pg/ml, and a linear response was observed for amounts up to 5,000 pg/ml. Results are expressed as the mean of duplicate readings for each sample.
Statistical methods. All statistical analyses were performed with the PRISM program (GraphPad Software, San Diego, Calif.). Nonparametric paired and unpaired statistical analyses (Wilcoxon matched pairs test and the Mann-Whitney test) were used to compare medians of GRs and cytokine levels between groups of vaccinated infants and adult controls. Spearman's rank correlation coefficients were calculated for correlation analysis. A P value of less than 0.05 was considered statistically significant. control group; all other infants had a demonstrable scar. There were no adverse effects of BCG vaccination in this study group. PPD skin testing revealed that two babies had indurations of less than 5 mm; the rest remained skin test negative despite BCG vaccination. To the best of our knowledge, no infant had been exposed to acute tuberculosis in his or her household between birth and the follow-up visit.
Growth of BCG lux in the blood of infants pre-and post-BCG vaccination. Significant differences in luminescence output were observed in the whole-blood assay of 33 infants preand post-BCG vaccination. The median GR prevaccination was 9.6 (range, Figure 1a illustrates these findings. We further stratified our results depending on the interval between pre-and postvaccination in order to establish whether any age-related differences of in vitro control of growth of BCG could be found. The second blood samples were collected from 6 infants at 3 months, from 7 at 4 months, from 9 at 5 months, and from 11 at 6 months following the initial BCG vaccination. There was no statistically significant difference between the different age groups in either GRs at baseline or in GRs following BCG vaccination. Apart from the group studied at 4 months following BCG vaccination, all other groups of infants showed a significant reduction in GRs compared to baseline values, as shown in Fig. 1b .
We tested a group of six adult controls in parallel with the infants to establish that the changes in growth of BCG lux in whole blood were induced by BCG vaccination and were not secondary to variations within the assay over time. There was no significant change in GR among the adult controls at the two assay time points (T 1 and T 2 ) (median GR at T 1 , 3.8; range, 2 to 6.9; median GR at T 2 , 3.95; range, 2.7 to 5.9 [P ϭ 0.55]), as shown in Fig. 1c . The postvaccination GR of the infant group was similar to that of the group of the adult controls.
Our results are consistent with an increased ability in infants for growth of the challenge strain to be controlled in the postvaccination samples. We were unable to fully evaluate the possible effect of age-related maturation of the immune response, since the increased risk of disease made it unethical to withhold vaccination from a control group of children. However, two infants from the original trial group missed vaccination, and two additional age-matched nonvaccinated children from the same community were available for study at the follow-up time point. The median GR in this group of four infants was 9.0 (range, 3.5 to 15.7), which is higher than that of the vaccinated group at the same age (median, 3.9; range, 0.6 to 12.2), but there clearly is overlap between the data sets. Nevertheless, these results suggest that changes in the wholeblood assay are predominantly the effect of vaccination rather than of ageing, since no differences in GRs depending on age were demonstrable in the vaccinated group.
Production of IFN-␥ in whole blood during stimulation with BCG lux. Supernatants harvested from whole blood inoculated with BCG lux were tested for cytokine production. The production levels of IFN-␥ after 96 h of in vitro challenge with BCG lux differed significantly (P Ͻ 0.0001) pre-and postvaccination (Fig. 2) . For infants, IFN-␥ was undetectable in most samples before vaccination (median, 0 pg/ml; range, 0 to 1,681 pg/ml) but increased to a median of 1,427 pg/ml postvaccination (range, 0 to 20,000 pg/ml). There was no significant difference in the levels of IFN-␥ in response to BCG lux in infants between the ages of 3 and 6 months post-BCG vaccination (data not shown). In the unvaccinated infants, lower levels of IFN-␥ production were observed at the follow-up time point (median, 953 pg/ml; range, 636 to 1,344 pg/ml). In adults, levels of IFN-␥ did not differ significantly between the two time points (median at T 1 , 7,472 pg/ml; range, 1,478 to 20,000 pg/ml; median at T 2 , 9,807 pg/ml; range, 2,702 to 20,000 pg/ml [P ϭ 0.97]) but were significantly higher than the levels in the vaccinated infants (P ϭ 0.003, Mann-Whitney test).
Production of TNF-␣ in whole blood during stimulation with BCG lux. The production of TNF-␣ at 24 h in response to stimulation with BCG lux in whole blood also increased following vaccination (prevaccination median, 2,269 pg/ml; range, 323 to 13,228 pg/ml; postvaccination median, 3,955 pg/ml; range, 80 to 14,744 pg/ml), but the difference was not significant (P ϭ 0.09). There were no differences between TNF-␣ production levels in vaccinated and unvaccinated infants (unvaccinated control group median at T 2 , 5,908 pg/ml; range, 3,621 to 8,660 pg/ml) or in TNF-␣ levels between the infant cohort and the adult controls (P ϭ 0.54) (adult group median at T 1 , 2,868 pg/ml; range, 1,066 to 4,546 pg/ml; median at T 2 , 3,224 pg/ml; range, 1,478 to 20,000 pg/ml [P ϭ 0.16]).
Production of IFN-␥ in response to PHA. IFN-␥ production levels in response to PHA (a nonspecific T-cell stimulus) and to PPD were also measured in whole-blood samples harvested at days 3 and 6, respectively. Levels of IFN-␥ produced by infants in response to PHA stimulation increased during the time of the study, but this increase did not reach significance (prevaccination median, 1,137 pg/ml; range, 0 to 20,000 pg/ml; postvaccination median, 3,952 pg/ml; range, 228 to 30,203 pg/ ml [P ϭ 0.53, Wilcoxon matched pairs]). Levels of IFN-␥ produced in response to PHA were significantly higher in the adult control group (median, 20,249 pg/ml; range, 12,947-35,000 pg/ml [P ϭ 0.002]) than in the infant group, but these levels did not change significantly during the course of the study (P ϭ 0.31). Levels of IFN-␥ in response to PHA in unvaccinated control infants did not differ from those of their vaccinated peers (median at T 2 , 6,697 pg/ml; range, 3,876 to 9,594 pg/ml).
Production of IFN-␥ in response to PPD. BCG vaccination induced a significant increase of production of IFN-␥ in response to PPD in infants (prevaccination median, 0 pg/ml; range, 0 to 2,740 pg/ml; postvaccination median, 1,155 pg/ml; range, 274 to 20,000 pg/ml [P Ͻ 0.001, Wilcoxon matched pairs]) (Fig. 3) . There was no significant difference in the levels of IFN-␥ in response to PPD in infants between the ages of 3 and 6 months post-BCG vaccination (data not shown). Three of the four unvaccinated control children produced no IFN-␥ in response to PPD, and the fourth child showed a response of 530 pg/ml. We cannot exclude the possibility that this infant was sensitized to mycobacteria at this early age, although the skin test was negative. The lack of IFN-␥ production in the other three unvaccinated children is indicative of an antigenspecific effect of BCG in the vaccinated group. In adults, the IFN-␥ levels measured at the two time points did not differ significantly (P ϭ 0.58) but were significantly higher than the levels measured in infants (median, 10,514 pg/ml; range, 179 to 20,000 pg/ml [P ϭ 0.039]). Growth of BCG lux in whole blood from infants pre-and post-BCG vaccination and from unvaccinated infant controls (a), in vaccinated infants according to age at the time of the second blood sampling (b), and in adult controls over the entire study period (c). Three groups of individuals were studied: infants tested prevaccination (n ϭ 33) (E) and again 3 to 6 months postvaccination (n ϭ 33) (F), unvaccinated control infants (n ϭ 4) (ϫ) tested at time of postvaccination assessment of the vaccinated infants, and adult controls (n ϭ 6) tested at time points T 1 (OE) and T 2 (). Triplicate whole-blood samples were infected with BCG lux. Growth of BCG lux was measured at 96 h and expressed as a GR of RLU of BCG lux at 96 h to RLU of BCG lux in inoculum.
Correlation between assays. BCG vaccination was associated with increased production of IFN-␥ in response to PPD stimulation or BCG challenge and with an increased ability to restrict growth of the BCG reporter strain. To test for correlations between these parameters, Spearman's rank correlation coefficients were calculated between GRs for individual children and levels of IFN-␥ production. No significant correlations were observed between GRs and IFN-␥ production in response to both BCG (r ϭ 0.09, P ϭ 0.64) and PPD (r ϭ Ϫ0.045, P ϭ 0.8). In order to study a potential influence of age and immune response maturation on correlations between the assays, we also analyzed correlations between GRs and production of IFN-␥ in response to BCG and PPD according to age groups. There were no significant correlations between GRs and IFN-␥ production levels in response to BCG at 3 (r ϭ Ϫ0.9, P ϭ 0.08), 4 (r ϭ Ϫ0.1, P ϭ 0.83,), 5 (r ϭ 0.5, P ϭ 0.177), or 6 (r ϭ Ϫ0.006, P ϭ 1.0, Spearman's rank correlation coefficients) months. Similarly, no significant correlations existed when GRs and the production levels of IFN-␥ in response to PPD at 3 (r ϭ Ϫ0.3, P ϭ 0.68), 4 (r ϭ Ϫ0.21, P ϭ 0.66), 5 (r ϭ 0.66, P ϭ 0.059), and 6 (r ϭ Ϫ0.2, P ϭ 0.58) months were compared. This finding suggests that IFN-␥ production is not the sole determinant of the luminescence signal measured in the whole-blood assay for young children, and no significant correlations can be observed independent of the age of the infants studied between 3 and 6 months following BCG vaccination. In contrast, and in accordance with our previous data from studying healthy adults, a significant negative correlation exists between GRs and production of IFN-␥ in response to BCG lux (r ϭ Ϫ0.94, P ϭ 0.01) and, to a lesser extent, to PPD (r ϭ Ϫ0.7, P ϭ 0.13) in the adult control group.
DISCUSSION
In our study, we demonstrated the immunogenicity of BCG vaccine in neonates by measuring restriction of mycobacterial growth in vitro, as well as by measuring antigen-specific production of IFN-␥.
The findings of the present study are consistent with previous reports showing that neonatal vaccination with BCG   FIG. 2 . Production of IFN-␥ in whole blood during growth of BCG lux in infants pre-and post-BCG vaccination, unvaccinated infants, and adult controls. Triplicate whole-blood samples of infants pre (E)-and post (F)-BCG vaccination (n ϭ 33), unvaccinated control infants (ϫ) (n ϭ 4), and adult controls (T 1 [OE] , n ϭ 6; T 2 [], n ϭ 6) were infected with BCG lux, and supernatants were harvested at 96 h. IFN-␥ was measured in these supernatants by ELISA. FIG. 3 . Production of IFN-␥ in response to PPD in whole blood of infants pre-and post-BCG vaccination, unvaccinated infants, and adult controls. Triplicate whole-blood samples of infants pre (E)-and post (F)-BCG vaccination (n ϭ 33), unvaccinated control infants (ϫ) (n ϭ 4), and adult controls (T 1 [OE] , n ϭ 6; T 2 [], n ϭ 6) were diluted 1:10 with RPMI medium and stimulated with PPD (10 g/ml). Supernatants were harvested at day 6, and IFN-␥ was measured by ELISA. primes an antigen-specific population of IFN-␥-producing T cells (22) . For ethical reasons, we did not include a control group in which BCG vaccination was purposely withheld, and it is possible that the increase in IFN-␥ production postvaccination reflects in part some age-related maturation of the immune response. We did not, however, observe an age-related trend in the production of IFN-␥ between 3 and 6 months, and lower IFN-␥ responses were observed in the small, age-matched group of unvaccinated children living in the same community as our vaccine trial cohort. No age-related trend in IFN-␥ production was described in the vaccine studies of Marchant et al. (22) , in which a similar age group was investigated. In our study, no significant differences were observed pre-and post-BCG vaccination in terms of antigennonspecific responses elicited by PHA, further suggesting an antigen-specific response rather than a maturation effect. Immune responses to BCG vaccination are poorly characterized in newborn children, but several recent publications have described involvement of Th1-type and cytotoxic T cells (16) , as well as the successful induction of T-cell memory (14) , even in newborns (28) . It appears, therefore, that despite its immaturity, the neonatal immune system is capable of mounting potentially protective immune responses. In recent publications, the levels of IFN-␥ in response to mycobacterial or other antigens measured in young children are widely scattered, similar to our own observations. It has been suggested that prenatal sensitization might also play a role in this phenomenon (21, 25) . Interestingly, the majority of infants in our study remained tuberculin skin test negative 3 to 6 months postvaccination, despite the presence of a good scar and demonstrable antigenspecific IFN-␥ production in whole blood. This finding is in contrast to skin test results in older children or adults, where the majority of individuals show positive PPD responses following BCG vaccination (4) . Very few studies have systematically evaluated DTH responses over different age groups in young children, and generally all report low responses at an early age (19, 27, 30) . Poor correlation with protective efficacy has also been demonstrated (1) . It is possible that the known immaturity of dendritic cells in young infants prevents the development of DTH responses at this early age (11, 31) . Therefore, skin test responses may not be a good marker for studying the immunogenicity of new tuberculosis vaccines in young children.
Neonatal BCG vaccination was also associated with a significant increase in the ability to control in vitro growth of a challenge strain of BCG assessed by the decreased GR in the whole-blood assay. Prevaccination GRs were significantly higher in infants than in adults, possibly because of the absence of a T-cell memory pool in response to mycobacterial antigens in the infants. This is in keeping with previous publications, which have shown higher GRs in adults who have not been previously exposed to mycobacterial antigens, as assessed by tuberculin reactivity (18) , and also in HIV-infected children, who lack immunocompetent CD4 ϩ T cells by the nature of their underlying immunodeficiency (33) . Clinically, these children are highly susceptible to tuberculosis. As discussed above for the IFN-␥ responses, the design of the present study does not allow us to completely exclude a possible contribution of age-related effect independent of the vaccination. However, stratification of our data according to age in the second set of assays did not show an age-related effect between 3 and 6 months. Theoretically, the possibility still exists that by 3 months of age, maximal immune maturation and/or background priming from environmental antigens has already occurred. Results from studies in our laboratory assessing the effect of age on the ability to restrict growth of BCG lux in vitro did not show significant differences for cohorts of BCG-vaccinated children above and below 1 year of age either, but few children in this study group were less than 3 months of age (B. Kampmann, unpublished data).
This study is important because it demonstrates the feasibility of using the whole-blood luminescence assay to monitor the effect of vaccination in a setting where tuberculosis is highly endemic and that is suitable for trials of new tuberculosis vaccines. The assay format is suitable for the use of BCG or virulent M. tuberculosis as a reporter strain, though the BCG format used here is simpler in terms of safety and in its independence from the requirement for containment facilities. Significant correlations between IFN-␥ production and GRs were found only in the adult control group, not in the infant group. This confirms our previous results, which showed that IFN-␥-producing T cells are important mediators of the responses measured by luminescence output in adults. However, the absence of a simple correlation between GR and levels of IFN-␥ in children from the ages of 3 to 6 months following BCG vaccination suggests that the whole-blood luminescence assay provides more information about immune status than can be obtained by measurement of antigen-specific production of IFN-␥. The ability to restrict mycobacterial growth represents a functional component of the complex host-pathogen interactions and is a potential surrogate marker of protective immune responses to mycobacteria. The assay described here may therefore represent an important addition to the set of tests used to evaluate the immunogenicity of the new generation of tuberculosis vaccine candidates currently entering clinical trials (24) . The ability to reduce GRs below the level achieved by BCG alone would represent an encouraging criterion in evaluation of new vaccine candidates.
